Abstract-Acoustic data collected on the R/V Cory Chouest in February and March 1996 during an active operation of the U.S. Navy's surveillance-towed-array-sensor-system low-frequency-active (LFA) sonar were analyzed for blue whale (Balaenoptera musculus) and fin whale (B. physalus) sounds. Operational monitoring and mitigation protocols were implemented throughout the exercise to reduce the chances of an acoustic impact on marine mammals and sea turtles. The operational schedule did not include intentional "control" periods without transmissions but did include periods when the LFA sonar was not operating for other reasons (e.g., repairs). There were insufficient detections of blue whales for further analysis. Fin whale acoustic detection probabilities were calculated from the postprocessed data. A local-linear-regression analysis was used to compare fin whale detection probabilities from 2065 11-min intervals under conditions when the LFA sonar was and was not transmitting. There was an indication of a slightly higher probability of detecting fin whale sounds during periods when there were no LFA transmissions than during periods with transmissions. This may be the result of the following: 1) Reduced vocal activity by whales in response to LFA transmissions; 2) the effect of the mitigation protocols; or 3) some combination of 1) and 2). The data presently available do not allow one to distinguish definitively between these explanations, mainly because there were not enough data recorded for periods without LFA transmissions.
seriously interfere with long-range communication, with an implied impact on individual reproductive success and survival. Recent empirical evidence supporting long-range acoustic communication by blue and fin whales has been collected from navy sound-surveillance-system (SOSUS) hydrophone arrays and other bottom recorders [10] [11] [12] [13] [14] . The specter of large-scale biological impact from human-produced low-frequency underwater sounds remained buried until the advent of the acoustic thermometry of ocean climate (ATOC) research project in 1993 [15] . Research on the effects of the ATOC sound on humpback whales revealed indications of small changes in distribution and some small-scale short-term behavioral responses that, although statistically significant, explained less than 5% of the total observed variation [16] [17] [18] . The biological significance of these responses to this single sound source in terms of individual survival or species abundance remains uncertain but is suspected to be negligible.
During the last 10-15 years, in response to changes in submarine warfare technology, the U.S. Navy developed and tested a new sonar system that relies on sounds in the 100-500 Hz frequency range to detect submarines [19] . This low-frequency sonar system is referred to as the surveillance towed array sensor system (SURTASS) low-frequency-active (LFA) sonar. The SURTASS LFA sonar operates using a passive listening system and an active sonar transmission system. The transmission system consists of a vertical array of underwater transducers deployed from the center of the ship and the electronic hardware/software for controlling the operation of the sonar. The operational source level is classified but the source level of a single transducer is not greater than 215 dB re 1 Pa. The passive system consists of a hydrophone array deployed behind the ship and linked to specialized acoustic-analysis workstations for detecting sonar echoes and discriminating targets. To date, the SURTASS LFA sonar has operated on the R/V Cory Chouest and been tested during a number of exercises. Research on the effects of the SURTASS LFA sonar was conducted in 1997-1998 and found a variety of responses depending upon the species, the locale, and the context. Blue and fin whales did not change their distributions during their fall feeding season off southern California when exposed to SURTASS LFA transmissions at estimated received levels as high as 150 dB re 1 Pa [10] , [20] . Gray whales migrating southward off central California avoided LFA transmissions when the playback source was in the center of their migratory pathway but not when the source was further offshore [20] , [21] . Humpback singers off the island of Hawaii tended to sing shorter songs during LFA transmissions, but the transmission 0364-9059/$20.00 © 2006 IEEE condition explained only a small fraction of the overall variation in song length [22] , [23] . Details of SURTASS LFA physical operations are beyond the scope of this paper but can be found in the final overseas environmental impact statement (OEIS) [24] . As part of the OEIS and the proposed operational use of SURTASS LFA, monitoring and mitigation protocols must be implemented to reduce the potential impact of the sonar on marine mammals and sea turtles.
This paper describes the results of analyzes of biological acoustic data collected during an operational SURTASS LFA exercise. The exercise, referred to as LFA-15, was conducted on R/V Cory Chouest in February and March 1996 off the coast of southern California. The primary objective of the analyzes was to determine if there was any indication that whales changed their vocal behavior as a function of whether SURTASS LFA was or was not operating. The LFA-15 exercise was not a controlled exposure experiment as conducted in 1997 and 1998 [20] [21] [22] [23] . It was an exercise to evaluate the SURTASS LFA system. As such, its accompanying monitoring and mitigation protocols were not designed to scientifically test the hypothesis that whales respond to operational SURTASS LFA by changing vocal activity. Rather, the Navy agreed to implement the protocols in compliance with National Marine Fisheries Service (NMFS) recommendations. Here, for purposes of terminology, exercise refers to the LFA-15 operation, test refers to the 30 min prior to and including a scheduled period of regular LFA sonar transmissions, and transmission refers to a single broadcast of the LFA sonar in the 100-500-Hz frequency band.
II. METHODS

A. Monitoring Protocols and at-Sea Data Collection
Prior to the LFA-15 exercise, an acoustic-analysis workstation, referred to as Popeye, was installed aboard R/V Cory Chouest and Navy personnel were trained in its use to detect, identify, and attempt to acoustically locate blue and fin whales. Four hydrophones in R/V Cory Chouest's passive hydrophone array were available for marine-mammal data collection. These four hydrophones were spaced evenly along the array, approximately 533-m apart. Acoustic data from each hydrophone were low-pass filtered at 160 Hz prior to acquisition through an analog-digital-interface hardware at a sampling rate of 400 Hz. This system allowed an operator to monitor a real-time multichannel sound spectrogram that displayed the sounds received on the four hydrophones. The display scroll held the last hour of spectrographic data, and the monitor window displayed a user-selectable 10-min segment of these data. Navy personnel were trained to recognize the most common types of species-specific sounds from baleen whales expected to occur in the LFA-15 operational area. Species recognition was based on comparison to spectrographic images of patterned sound sequences typical of blue, fin, and humpback (Megaptera novaeangliae) whales in the eastern North Pacific. Estimation of a vocal whale's position relative to the Cory Chouest was based on the computation of time-of-arrival differences of whale sounds on the different hydrophones using customized software [25] . This location method does not account for refracted travel paths or bottom bounce and assumes that the propagation is dominated by the fundamental mode. This assumption probably is reasonable within a few miles of the ship but not for greater distances.
For every 15-min interval throughout a test, Navy personnel annotated onto a log sheet the estimated number of whales detected, by species, based on visual inspection of the real-time display as well as the bearing and/or ranges to a calling animal. The four-channel acoustic data were multiplexed and streamed to disk or removable data cartridge as a series of separate 11-min-long, time-stamped files. After the completion of the exercise, the acoustic data files and hard-copy detection logs were forwarded to Cornell University, Ithaca, NY, for analysis.
Operational monitoring protocols specified that, 30 min prior to the start of a test and throughout the test, Navy personnel would search the vicinity around the ship for marine mammals and sea turtles. Navy personnel used the Popeye system to monitor the passive acoustic array for the presence of whale sounds and to estimate the range to any whale detected. During daylight hours, Navy personnel visually monitored for the presence of marine animals around the ship using a pair of X25 "big eye" binoculars. Operational mitigation protocols dictated that: 1) Prior to the start of a test, the Navy would not begin transmitting LFA sonar if a marine mammal or sea turtle was detected within 3 nmi of the ship and 2) once a test was in progress, transmissions would be suspended if a marine mammal or sea turtle was detected within 1 nmi of the ship.
1) Post-processing:
The primary objective of the data analysis was to evaluate whether or not blue or fin whales changed their vocal activity as a function of LFA sonar transmissions. The LFA-15 exercise protocols did not intentionally include control periods without transmissions. However, there were periods throughout the exercise when there were no transmissions and for which acoustic files were available. For the results reported here, blocks of time selected for analysis included all periods during which there were no transmissions for 1 h or more, all adjacent periods with transmissions of at least 1 h, and all remaining periods for which Navy personnel noted at least one whale detection. Data from a period of at least 1-h duration without transmissions are referred to as transmission-OFF. All other data are referred to as transmission-ON.
Each file within the selected blocks was opened and a spectrogram of the first channel (the most forward hydrophone in the towed array) was examined. Three research technicians in the Bioacoustics Research Program, Cornell University, who had experience in the acoustic detection of blue and fin whale sounds, examined each file independently. For each file, the number of whale sounds referred to as a sound-count and the estimated number of calling whales referred to as a whale-count, were noted. In most cases, the relative intensity of the highest amplitude whale sound in the file was also noted using a subjective 4-point scale (1 = very faint, 2 = faint, 3 = medium, 4 = strong). Whale-count data were recorded both on a file-by-file basis and for successive 15-min intervals. A record was also kept of the presence or absence of "volcanic-blue" signals 1 in each file and in each 15-min interval.
To evaluate the efficacy of using sound-count and whalecount data as a measure of whale acoustic activity, 60 sound files were selected from periods when Navy detection logs indicated relatively high numbers of whale acoustic detections. The technicians recorded the sound-counts and whale-counts for blue and fin whales (no other species was detected) and rated the loudness of the most intense sound. A comparison of these measures for the same file as noted by the different analysts revealed that there was variability in the sound-counts and the whale-counts, but there was uniform agreement on whether or not a species was detected and the relative intensity of calls. Therefore, only the presence or absence of a species-specific sound was used for further analysis. The most likely explanation for the interanalyst variability in sound-count and whale-count values is that the majority of whale sounds were faint or very faint and not easily recognizable against the background noise. During this close examination of the files, it was also determined that very faint sounds were more difficult to detect in files containing LFA transmissions. Therefore, files in which the loudness was given a rating of 1 (very faint) were not used in any further analysis.
2) Comparison of Transmission-OFF and Transmission-ON Fin Whale Acoustic Detections:
Inspection of detection logs revealed very few acoustic detections of blue whales. Therefore, only fin whale presence-absence detection data as recorded by Cornell technicians were used in the comparative analysis of transmission-ON and transmission-OFF periods. For each file analyzed, the start time (in decimal hours from the start of the exercise), sound-count, whale-count, and the relative loudness of the loudest fin whale sound in the file were compiled. The sound-count was then converted to a binary value with "1" indicating the detection of at least one fin whale sound and "0" indicating no detections of a fin whale sound in the file. Binary values for sound files were then analyzed to evaluate the detection probability as a function of the transmitting state.
3) Generating the Analysis Plots: If the probability of detecting a whale sound were constant throughout the exercise, the estimated detection probability would be the mean of the binary outcome. More realistically, for a given transmitting state ("ON" versus "OFF"), the probability of detection was expected to vary with time, primarily due to whale activity, ship movement and ambient noise. Accordingly, the probability of detecting a whale sound within a given time interval, with transmission either ON or OFF, was approximated by a weighted average of data recorded in neighboring intervals.
Local linear regression [26] has been shown to have excellent statistical properties for local averaging [27] . Aragaki and Altman [28] have shown that the technique can be applied to estimate the probability of a "1" for binary responses, using truncation to constrain the estimate to lie between 0 and 1. Estimates outside the interval are rare but may occur in regions of sparse data. To estimate the probability of detecting a sound at time , a neighborhood of was selected. A weighted linear regression of the binary response against time was fitted in the neighborhood. The estimated probability was the fitted value at . A standard error for the estimate was computed from standard techniques of weighted least squares regression, which uses the average variance of the data in computing the confidence bands. An appropriate choice of neighborhood size is critical for a good performance of local linear regression. Altman and MacGibbon [29] and Aragaki and Altman [28] demonstrated that commonly used automatic techniques for selecting the neighborhood size do not work well for binary response data. Accordingly, the neighborhood size was chosen subjectively by one of us (Altman) from a range of plausible neighborhood sizes for the February data and set at 0.03 and then adjusted for a sample size for the March data to 0.0702, so that the number of hours in the neighborhood was the same. The S-plus routine locally weighted scatterplot smoother (LOESS) was used to provide the local linear fit and confidence bands [30] . The confidence bands produced by this procedure provide only a rough reference of variability in the call rate due to autocorrelation and the binary response. Autocorrelation in the data over time may be induced by a single whale vocalizing over a lengthy period or by animals vocalizing in response to the sounds of other animals. Autocorrelation does not affect the efficacy of local linear regression for estimating detection probability, but it does make the confidence bands wider than provided here [31] . Also, since the data are binary, the variance depends on the detection probability. The plotted confidence bands are based on the average variance of data in computing the pointwise confidence band, which means that bands are conservative when the detection probability is very high or very low and bands are too narrow when the detection probability is close to 50%.
III. RESULTS
From a total of 655 h of available acoustic files from the LFA-15 exercise, 386 h (2065 11-min files) were analyzed. No humpback sounds were detected. Patterned sequences of blue and fin whale sounds were detected in both months along with volcanic-blue sounds, as shown in Fig. 1 . Detections of blue whale sounds were so rare that the detection analysis was not conducted using the blue whale data. Fig. 2(a) and (b) shows the LFA-15-exercise transmission schedule and the availability of archived acoustic data for February and March 1996, respectively. Figs. 3 and 4 plot the probabilities of detecting a fin whale sound as a function of time for the transmission-OFF (light gray band) and transmission-ON (dark gray) conditions for February and March, respectively. The vertical extent of these shaded regions can be thought of as pointwise confidence bars and will be referred to as confidence bands. In these figures, each 11-min data file that was analyzed is indicated by a black dot. Features in the curves that are smaller than the confidence bands cannot be considered reliable. Gaps indicate times when there were either no data available or the files were not analyzed.
In Fig. 3 , one can see that when the sound detection probability is low (e.g., Fig. 3 just before 100 h and again from 255-275 h), there is little difference in the probability of fin sound detection between the transmission-ON and transmission-OFF conditions. However, when the probability of fin sound detection is high (e.g., Fig. 3 at around 220 h and from 300-340 h), it tends to be higher during transmission-OFF periods than during transmission-ON periods.
The vertical bars in Figs. 3 and 4 depict the times of relatively strong (solid lines) and medium (dashed lines) intensity sounds in the data files. If the intensity was not noted in the detection logs, a dotted line was plotted. Since detection logs available to Cornell University were not sufficiently detailed to determine in all cases whether a particular suspension of LFA transmissions was because of a whale contact, only the times of occurrence of sounds loud enough to yield a reliable location (as noted in the Navy logs) are plotted.
IV. DISCUSSION
Once a test was underway, the LFA protocol required that transmissions be suspended when a whale was located within 1 nmi of the ship. Clearly, if transmissions were suspended only when whales were detected near the vessel, whale sounds would be more prevalent during transmission-OFF periods.
In the March data (Fig. 4) , for example, one can see that medium-level sounds occurred at 72 h, and transmissions were suspended. By contrast, a number of medium-level sounds were detected after 120 h, when transmissions had already been OFF for a few hours. At about 132 h, transmissions resumed, and this may have been due to the location of the vocalizing whale(s) just prior to this time being more than 3 nmi from the research vessel.
Suspensions that were not immediately preceded by strong or medium-intensity sounds were probably not due to the detection of a whale near the vessel and therefore not a result of mitigation. Even if one considers only these transmission-OFF time periods presumed not due to mitigation, the data are too sparse and the vocal behavior too variable to make any statistical assessment of a relationship between the transmission condition and the change in vocal behavior. In order to accurately assess the effects of LFA sonar transmissions on whale vocal behaviors, control periods with no transmissions of 1 h or longer are necessary. The major reason for not being able to statistically test these data for the significance of differences in vocal behavior was the lack of such control (transmission-OFF) periods.
In future tests, if a pretransmission period of 1 h or longer is not practical, transmissions should be turned OFF and ON for periods of 1 h or longer during times when the whale sound rate is relatively high. Transmissions will definitely need to be turned OFF during periods when whales are within a predetermined range of the vessel, in compliance with the mitigation protocol. Archiving of acoustic data should continue independent of the transmission condition, and the detection times and locations of all nearby animals should be consistently recorded and kept with the data log.
What do these results suggest with regard to the potential impact of these LFA sonar sounds on baleen whales? In the case presented here, where the response measure is a change in the probability of vocal detection, the answer requires some knowledge of the biological significance of the vocal activity.
Unfortunately, there is little direct information on the biological functions or natural variation of fin whale sounds. It is now known that the sounds detected here are male reproductive displays often in association with areas of high food availability [10] , [32] . It is also assumed that fin whales in the northern hemisphere are engaged in breeding in February and March [33] . Thus, it is reasonable to assume that these sounds are male displays that advertise something about a male's quality or breeding status. Therefore, by extension, a disruption of this display behavior could change a male's breeding success or a female's mate-choice options. Under natural circumstances throughout the year, within any given geographic area, the singing activity appears to vary considerably in terms of the number of acoustic parameters including song duration, number of songs in a singing bout, and internote interval [8] , [9] . Thus, for example, Watkins et al. [9] found a statistically significant variation in song-bout length over the year, while Mellinger and Clark [34] showed evidence of variation in song note timing patterns as a function of latitude.
Miller et al. [22] reported an increase in humpback song duration for singers during experimental exposure to LFA sonar. These results were limited by a small sample size and confounded by the presence of the observation vessel. For the same controlled exposure experiment and using a much larger sample size, Fristrup et al. [23] showed that a small fraction of humpback song-length variation could be explained by transmission conditions but that most of the variation remained unexplained. Humpback whales have been observed to respond to other types of low-frequency, human-made sounds (e.g., smallvessel noise) by changing singing behavior [35] , avoiding the area of the sound source [36] , or changing surfacing behavior [16] , [17] .
Gray whales (Eschrichtius robustus) migrating off the coast of California are known to respond to various industrial noises from oil and gas activities and to LFA sonar by swimming around the area of the source [2] , [21] . When an LFA sound source was placed in the central migratory corridor, the level of response graded with the received level, suggesting that the received level was a primary cue to which animals were responding. However, when the LFA source was moved offshore, no avoidance response was detected even when received levels were equal to those for animals in the central migratory corridor [20] . Bowhead whales (Balaena mysticetus) show a very strong response to seismic impulses from oil and gas exploration activities, completely avoiding the area within 20 km of the seismic source [37] .
Overall, there is evidence indicating that, for a number of different species and for a number of different sound sources, baleen whales respond to low-frequency, human-made sounds. The response has been obvious sometimes, as in the case when a sound source was placed within the central corridor of migrating gray whales. Most often, for example, during breeding or feeding contexts, the response has been subtle and not immediately obvious. In all cases so far, the response has been shortlived, but little has been done to effectively evaluate larger-scale, longer-term responses that are probably more appropriate for these species.
Migrating gray whales appear to return to their normal migratory route within a few miles downstream of the offending sound source. Singing humpback whales that respond, resume singing and appear to engage in normal social activities within tens of minutes following their response. In the case presented here, the change in the aggregate vocal activity of fin whales was not immediately obvious and was, if anything, relatively small and short-lived.
Interpretation of these results in terms of potential biological impact is not possible. The proportion of the breeding population effected cannot be determined. All the evidence suggests that, at any one time, relatively few singing males ( 2) were within the detection range of the LFA sonar, and few whales were ever within 3 nmi of the ship. In 92% of the files when fin whales were detected, only one animal was heard. The detection rate of calling fin whales by Navy personnel (real time) relative to Cornell University technicians (postprocessing) was relatively modest (63%) and the percentage of sounds subjectively rated as loud was quite small ( 5%). Interpretation of any changes in vocal behavior remains speculative since we do not yet know enough about the mechanisms of vocal communication in these whales to evaluate the cost to a male who changes his singing behavior in response to low-frequency sound. In the case of the acoustic data available here, it was not possible to reliably measure song characteristics (e.g. song duration, and bout duration) because very few, if any, sounds were of high enough quality for accurate measurements.
In cases where further measurements have been available in the presence and the absence of loud, low-frequency sound, changes in whale vocal behavior have been either inconsistent or relatively small, and the low-frequency sound condition explains only a small fraction of the measured variability. For example, during research on the LFA sonar in 1997, Croll et al. [10] reported that fin whale vocal activity as measured at one location increased significantly from experimental to the postexperimental period but decreased significantly at a second location. Their conclusion was that these changes were more indicative of where whales were relative to food resources than where whales were relative to the LFA sonar. Unfortunately, the data were too sparse to remove the influence of prey distribution to statistically test for the influence of the LFA sonar alone. For humpbacks off Kauai, Frankel and Clark [17] found statistically significant differences in time and distance between surfacings between blocks of time with control (ATOC-OFF) and experimental (ATOC-ON) conditions. However, the ATOC condition explained less than 5% of the total variation in these measures of surface behavior, and the authors concluded that the responses of humpback singers to the ATOC sound were probably not biologically significant.
In the case of the data reported here for an operational LFA sonar exercise, we note that both the level of vocal activity and the sound levels of the received fin whale sounds were relatively low. There was a tendency for fin whale vocal activity to increase when the LFA sonar was OFF; however, the lack of control data make it impossible to test for the significance of any differences in the measured acoustic detections. Without proper control and experimental data and without a better understanding of fin whale song function, the biological significance of any response, whether a small-scale behavioral change or a long-term change in breeding success, or the potential impacts from cumulative exposures to a suite of human-made low-frequency noises remains speculative. At this point, it appears that exposure to operational LFA sonar does not lead to an immediately observable change in vocal activity for whales that are 3 nmi from the source and that the behavioral changes that can be measured are small relative to natural variability.
The biological significance of these short-term, small-scale responses to a single, high-intensity sound source in terms of individual survival or species abundance remains uncertain but is suspected to be negligible. However, in the long term, it is the cumulative impact of multiple sources over extended periods of time, not the impact from just one source over short periods of time, that is the greater concern. It is not unreasonable to suspect that the additive effects of many loud, low-frequency acoustic events from a variety of sources could reduce the availability of breeding habitat, change migratory routes, or interfere with breeding displays in ways too subtle to be detected by small-scale or short-term studies. There is no doubt that the industrialization of coastal areas has seriously reduced available habitat and increased the risk of injury for coastal species (e.g., gray whales and northern right whales) [38] , [39] . In the short term, this alone does not predict their demise, as witnessed by the recovery of the eastern North Pacific gray-whale population. However, serious consideration of such environmental concerns must go beyond the limits of human memory. Many of these speculations of impact, whether from noise, toxins, or habitat disturbance, are not testable and are beyond the scope of scientific manipulation. Shortsightedness is not an excuse for blindness any more than it is evidence of pending doom or the need to invoke highly improbable outcomes. Oversight, caution, common sense, and full consideration of ecological consequences must be combined with the best available scientific evidence to reach a responsible solution for environmental conservation. In the case of dealing with specific types of potentially harmful sound sources in marine habitats, it would seem most prudent to combine precaution, mitigation and monitoring, research, and regular, independent evaluation as a means of preempting and controlling for impact.
